In a study on ten fresh human cadavers we examined the change in the height of the intervertebral disc space, the angle of lordosis and the geometry of the facet joints after insertion of intervertebral total disc replacements. SB III Charité prostheses were inserted at L3-4, L4-5, and L5-S1. The changes studied were measured using computer navigation sofware applied to CT scans before and after instrumentation.
In a study on ten fresh human cadavers we examined the change in the height of the intervertebral disc space, the angle of lordosis and the geometry of the facet joints after insertion of intervertebral total disc replacements. SB III Charité prostheses were inserted at L3-4, L4-5, and L5-S1. The changes studied were measured using computer navigation sofware applied to CT scans before and after instrumentation.
After disc replacement the mean lumbar disc height was doubled (p < 0.001). The mean angle of lordosis and the facet joint space increased by a statistically significant extent (p < 0.005 and p = 0.006, respectively). By contrast, the mean facet joint overlap was significantly reduced (p < 0.001). Our study indicates that the increase in the intervertebral disc height after disc replacement changes the geometry at the facet joints. This may have clinical relevance.
The socio-economic burden of patients with low back pain continues to rise. 1 There is considerable controversy about the role of surgery in the treatment of chronic back pain associated with lumbar disc degeneration. 2 The re-establishment of normal spinal anatomy is the aim of any reconstructive surgery and the restoration of normal sagittal balance, the intervertebral disc height and lumbar lordosis are key factors for success after spinal surgery. 3 The Swedish Lumbar Spine Study Group found that there was a reduction of pain and improved function in patients with severe chronic low back pain after lumbar fusion. 4 However, another option is disc replacement, the goal of which is to replicate or augment the function of the normal spinal elements both in the quantity and quality of the movement which occurs at the replaced level. 5 The theoretical advantages of disc replacement over fusion for the treatment of degenerative disc disease include the preservation or restoration of segmental movement, the restoration of the intervertebral architecture and foraminal height, the sparing of adjacent segments from abnormal stress and the restoration of normal local biomechanics. 6 Cunningham et al 7 showed replication of the normal distribution of movement of the intact spine after disc replacement at one level. The results of a recently published fiveyear, prospective, randomised multicentre study showed similar results in terms of clinical outcome between the Charité Artificial Disc (DePuy Spine, Kirkel, Germany) replacement and anterior lumbar interbody fusion. 8 Although the Charité Artificial Disc has been shown to be successful in relieving pain in most patients, studies have indicated that a significant number do not gain relief from pain. [9] [10] [11] [12] Van Ooij, Oner and Verbout 13 observed an increase in arthritis of the facet joint at the operated or at an adjacent level, in patients with unsatisfactory results or complications after Charité disc replacement. The facet joint has been recognised as a source of low back and lower-limb pain since 1911, 14 and it has been widely reported since then that pain syndromes can originate from the facet joint. [15] [16] [17] [18] [19] Biomechanically, this joint plays an important role in load transmission, stabilising the segment in flexion and extension. It is involved in the mechanism of rotational kinematics by restriction of axial rotation 20 and prevents the forward translation of the lumbar vertebrae, so that the vertebral bodies do not dislocate under the weight of the trunk and the compressive forces placed on the vertebrae when the spine is upright or flexed forward. 21 Total disc replacement does not restore normal rotational stability of the movement segment which remains increased with a range of 120% to 140% above that of the healthy and non operated condition. This rotational instability is additive since a two-level lumbar total disc replacement has been shown to have an increase in rotational stability of between 240% and 260%. 22 A normal healthy lumbar spine transmits loads between each intervertebral level through the vertebral bodies, the disc and the two facet joints. 20, 23, 24 Under normal conditions, between 3% and 25% of the segmental load is transmitted through the facet joints. This proportion increases up to 47% in degenerative joints. 25, 26 The amount of load transferred through the posterior elements is also highly dependent on posture 25 and increases during extension. [26] [27] [28] [29] [30] The removal of the anterior structural elements with the implant having a mobile instantaneous axis of rotation also relieves the facet loading in extension by 28%, 18%, 46% and 28% when placed centrally, anteriorly, posteriorly, and laterally, respectively. This reduction occurs by easing the posterior translation of the upper vertebra in extension coupled with the migration of the instantaneous axis of rotation anteriorly. 31 Liu et al 32 have hypothesised that an inappropriate increase in the height of an artificial disc is a cause of arthritis of the facet joint.
We have undertaken a study to identify the radiological changes in the geometry of lumbar spinal facet joints caused by the increase in intervertebral disc height and lumbar lordosis after total disc replacement.
Materials and Methods
Our study was performed on ten cadavers (6 female, 4 male) purchased from Toro University, Las Vegas, Nevada. Their mean age was 71.8 years (36 to 88) and their mean body mass index was 21.61 kg/m 2 (16 to 24.9). Before surgery, CT was undertaken on the lumbar spine of each specimen to exclude the presence of any structural lesions or pronounced spinal or pelvic deformity at the intended levels of operation. None of the cadavers had previous spinal or pelvic surgery. After thawing, they were placed supine with a posteriorly applied radiolucent support to maintain the lumbar lordosis. The CT scans were loaded into the BrainLab navigation software (iPlan 2.0, Brainleb, Feldkirchen, Germany), and an experienced spinal surgeon (MR) identified the 'ideal' placement of the prosthesis planned at each lumbar level. Implantation. In each cadaver SB III Charité artificial discs (DePuy) were inserted from L4 to S1 giving a total 30 implantations. All the discs were size 3 and in 0°/ 0°, 0°/5° and 5°/10° adjustment for the levels L3-4, L4-5 and L5-S1, respectively with an 8.5 mm inlay used for all levels. A standard anterior midline retroperitoneal approach was used and a post-operative CT confirmed the placement of the lumbar disc. The surgical technique for implanting an artificial disc resembled that for performing an anterior lumbar interbody fusion. After performing a complete discectomy, the vertebral end-plates were identified and preserved in order to provide mechanical stability and to reduce the potential for subsidence. A pin was positioned in the estimated mid-line of each vertebral body. The correct size of the implant was determined from the preoperative CT scan.
Once implantation had been completed, further CT scans were performed and loaded into the BrainLab navigation software to allow comparison between the planned 'ideal' position and the operative position using the outer spikes of the Charité prosthesis to define the implant.
The placement of the discs was assessed as described by McAfee et al. 33 Group I, or 'ideal placement' was defined as placement of the disc within 3 mm of the exact central placement in the coronal and mid-sagittal planes. Group II, or 'suboptimal placement', was defined as that deviating by between 3 mm and 5 mm from the central placement in each plane. Group III, or 'poor placement', was placement deviating by > 5 mm from the placement in each plane.
The change in the intervertebral disc height was measured according to the method of Dabbs and Dabbs 34 ( Fig. 1) . The angle of lordosis, the facet joint space and the facet joint overlap were assessed. The angle of lordosis was defined as the angle of the tangential lines to the end-plates of the vertebrae at the level of the implantation of the disc (Fig. 2) . The facet joint space was defined as the mean space of four points of the joint using CT cuts of the sagittal view, namely, the most cranial, the most caudal, the widest and the narrowest. With adjustment of contrast, brightness, magnification and threshold it was possible to identify the surface of the articulation (Fig. 3) . The facet joint overlap was defined as the distance between the most cranial point of the superior articular process of the lower vertebra and the most caudal point of the inferior articular process of the upper vertebra (Fig. 4) . Statistical analysis. The pre-and post-operative data were compared using the Wilcoxon rank-sum test (paired values). A comparison of left and right facet joint overlap at each level was performed using the paired t-test. A p-value ≤ 0.05 was considered to be statistically significant. Since at every level there are right and left facet joints we also assessed whether the changes in the geometry of the joint anatomy were symmetrical at each level. A significant difference in the joint space or the joint overlap between the right and left sides would suggest asymmetry caused by disc replacement thus leading to additional muscular imbalance.
Results
Placement of the implants. The mean deviation from the ideal alignment in the coronal plane was 1.4 mm (SD 1.0). In all, 27 of the 30 instrumented segments did not exceed a deviation of 3 mm. For the three discs not placed in the ideal position in the coronal plane, the maximum deviation was 4.3 mm and the minimum 0.1 mm. None had poor placement.
The mean deviation from the ideal alignment in the sagittal plane was 1.9 mm (SD 1.2) . In all, 24 of the 30 segments did not exceed a deviation of 3 mm. For the six Charité discs not placed in the ideal placement, the maximum deviation was 4.7 mm and the minimum 0.2 mm. Again none showed poor placement (Fig. 5) .
The pre-operative mean intervertebral disc height at levels L3-4, L4-5 and L5-S1 was 7.8 mm (SD 2.0), 8.0 mm (SD 2.1) and 8.1 mm (SD 2.4), respectively. Post-operatively it increased to 15.6 mm (SD 1.6) at level L3-4, 16.1 mm (SD 2.5) at level L4-5 and 15.8 mm (SD 2.2) at level L5-S1. The maximum disc height after instrumentation was 19.7 mm at L4-5 whereas the maximum before instrumentation did not exceed 13.6 mm. The most extreme increase was from 4.5 mm pre-operatively to 19 mm post-operatively. After instrumentation the disc height was significantly increased at all levels (Wilcoxon rank-sum test, L3-4 p = 0.0009, L4-5 p -0.0008, L5-S1 p = 0.0006; Fig. 6 ).
The angle of Lordosis. The pre-operative mean angle of lordosis at levels L3-4, L4-5 and L5-S1 was 6.1° (SD 1.9), 7.8°( SD 2.7) and 13.7° (SD 3.6), respectively. Post-operatively, it increased to 11.2° (SD 2.1) at level L3-4, 13.2° (SD 3.3) at level L4-5 and 25.5° (SD 3.3) at level L5-S1. The maximum angle of lordosis after instrumentation was 31° at L5-S1 whereas the maximum before instrumentation did not exceed 17.4° at L5-S1. The maximum increase was from 7.2° pre-operatively to 24.3° at L5-S1 post-operatively. After instrumentation the angle of lordosis was significantly increased at all levels (Wilcoxon rank-sum test, L3-4 p = 0.004, L4-5 p = 0.002, L5-S1 p = 0.004, Fig. 7) . CT scans showing the change in the height of the disc space from a) the pre-operative level to b) after total disc replacement. Facet joint space. The pre-operative mean facet joint space at levels L3-4, L4-5 and L5-S1 was 3.0 mm (SD 1.3 mm), 2.8 mm (SD 0.6) and 2.7 mm (SD 1.1) mm, respectively. The post-operative mean value increased to 3.4 mm (SD 1.69) at level L3-4, 3.3 mm (SD 0.9) at level L4-5 and 2.8 mm (SD 0.7) at level L5-S1. The maximum facet joint space after instrumentation was 8.1 mm whereas the maximum before instrumentation did not exceed 7.0 mm. The larger increase was from 3.1 mm pre-operatively to 5.8 mm post-operatively. After instrumentation the facet joint space was significantly increased at levels L3-4 and L4-5 (Wilcoxon rank-sum test, L3-4 p = 0.006, L4-5 p = 0.002) but not at level L5-S1 (Wilcoxon rank-sum test, L5-S1 p = 0.966, Fig. 8) . Facet joint overlap. The pre-operative mean facet joint overlap at levels L3-4, L4-5 and L5-S1 was 17.9 mm (SD 3), 18.1 mm (SD 3.5) and 17.2 mm (SD 2.9), respectively. The post-operative mean value was decreased to 16.3 mm (SD 3.7) at level L3-4, 15.7 mm (SD 3.4) at level L4-5 and 14.9 mm (SD 2.9) at level L5-S1. The minimum facet joint overlap after instrumentation was 9.4 mm whereas the minimum before instrumentation was 11.2 mm. The maximum decrease was from 17.1 mm pre-operatively to 10.6 mm post-operatively. After instrumentation the facet joint overlap was significantly decreased at all levels (Wilcoxon ranksum test, p < 0.001, Fig. 9 ). No significant asymmetry was observed between the right and left facet joints at any levels before or after total disc replacement (t-test, before L3-4 p = 0.79, L4-5 p = 0.45, L5-S1 p = 0.58; after: L3-4 p = 0.63, L4-5 p = 0.96, L5-S1 p = 0.67).
Discussion
Lumbar degenerative disc disease may be treated by lumbar fusion with or without instrumentation. 35 The loss of movement at the fused levels causes additional stress at the adjacent levels which accelerates degenerative disease. 36, 37 This may account for the persistent of symptoms in some patients.
Disc replacement is intended to provide nearly normal biomechanical function at the intervertebral space which theoretically should reduce the mechanical stress at the adjacent levels. 38 The Charité artificial disc replacement has been reported to be effective in relieving discogenic pain. 6 However, some patients still have low back pain after surgery.
9-11,13 Biomechanical changes have been reported in the facet joints after total disc replacement. Dooris et al 39 suggested that anterior placement of the disc can increase the load on the lumbar facets in compression and extension to 2.5 times above normal. By contrast, posterior placement within the disc space resulted in normal facet loading. Implanted models with a posteriorly placed disc had greater flexibility than both the normal and those with the discs placed anteriorly. 39 Restoration of the height of the anterior longitudinal ligament reduced pedicle stress, facet load, and rotation in extension to nearly normal levels. 39 Goel et al 38 reported that the Charité artificial disc increased the movement in flexion by approximately 20% and in extension by approximately 40% at the L5-S1 level. They found that it slightly increased movement at the implanted level, with a resultant increase in facet loading compared with the adjacent segments and a decrease in movement and loads at the adjacent levels. 38 However, in the load control mode, the increase in facet loads in extension was around 104% compared with the normal case. 38 Liu et al 32 in a cadaver study showed that increase in the disc height caused an increase in the facet joint space and a decrease in the facet joint overlap from which it was concluded that the increase in the disc height from disc replacement produced considerable changes in the mechanics of the facet joint. THE JOURNAL OF BONE AND JOINT SURGERY Our findings agreed with those of Liu et al 32 and showed an increase in the disc height at all levels with an increase in the lordosis angle at each level. Additionally, the mean facet joint space was increased at all levels except at L5-S1 where there was no statistically significant change. The mean facet joint overlap also decreased at each level. All these changes disturb the mechanics of the facet joints and contribute to subluxation. Rauschning 40 reported that subluxation correlated with joint degeneration. The decrease in the facet joint overlap in conjunction with an inappropriate facet load increases the chance of subluxation of the facet joints and thus acclerates the degenerative changes.
Tanno et al 41 found that the inferior facet showed most cartilage damage at the superior and inferior poles whereas bony apposition occurred almost exclusively at the inferior pole, where bony contact takes place with the arch of the superior facet during extension. This bony contact is likely to decrease after disc replacement. However, distraction of the facet joints shown by an increase in the joint space could weaken the capsule and accelerate the degenerative changes. 41 We acknowledge the limitations of our study because of artefacts on the CT reconstruction after total disc replacement. However, for the facet joint space and facet joint overlap these did not present any problem. Proper adjustment of the contrast, brightness and threshold allowed the articular surface of the facet joint or the most caudal and most cranial point of the articular process to be seen clearly. For the disc height artefacts presented a greater problem. Disc height was measured by taking into consideration the anterior and posterior height. This was measured either in the sagittal plane or when this was not possible, in the frontal plane. One or two slices at the beginning and at the end of the bone reconstruction were free from the implant and allowed such measurements to be made.
It was less difficult to overcome artefacts interfering with measurement of the angle of lordosis because this was an angle and not a specific distance. If the caudal end-plate of the vertebra above could not be identified, the tangential line to the cranial end-plate was drawn, since the end-plates of an intact lumbar vertebra should be parallel to each other. For the lower vertebra of the segment, if the cranial end-plate could not be identified, the tangential line to the caudal end-plate was drawn. In rare cases we took the perpendicular lines to the ventral wall of the upper and lower vertebra and measured the angle between them. A further limitation of our study was the uncertainty as to whether the findings from a cadaver study could be extrapolated to the clinical situation. It is not known whether a standing position would change the geometry of the facet joints and lordosis angle. Given the fact that the implant is rigid and that no subsidence of the end-plate occurs, changes to the geometry of the disc space would remain important. If the angle of lordosis remained unchanged, it could be assumed that distraction between the two vertebrae caused by disc replacement would decrease facet joint overlap. In any case, future biomechanical studies should take into consideration the changes in geometry of the disc space and assess any influence on the lordosis angle and facet joints.
Despite the shortcomings of this cadaver model, total disc replacement caused increased loading in the facets depending on the position of the implant 42 and the latter correlated with the clinical outcome. 33 Further studies are needed to evaluate the risk of subluxation and further degeneration of the facet joint space after disc replacement. The results of our study suggest a statistical significance in the geometrical characteristics of the disc space and facet joints, but do not establish clinical relevance.
Finally, the disc inlays used (8.5 mm) were inserted after distraction of the disc space using the least force needed to Box-and-whisker plots of the facet joint overlap before and after the instrumentation. Fig. 9 insert them. The muscles of the cadavers did not have the elastic behaviour of those in vivo. Our findings suggest that any increase in the height of the disc space from the original position produces significant changes in the relative position of the surfaces of the opposing facet joints. In future clinical and biomechanical studies significant changes in the geometry of the disc space and their influence on the relative position of the opposing surfaces of the facets should be considered.
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